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StressCultivation of grapes in West Bank – Palestine is very old and a large number of grape varieties exist as a
result of continuous domestication over thousands of years. This rich biodiversity has highly inﬂuenced
the consumer behavior of local people, who consume both grape berries and leaves. However, studies
that address the contents of health-promoting metabolites in leaves are scarce. Accordingly the aim of
this study is to assess metabolite levels in leaves of two grape varieties that were collected from semiarid
and temperate regions. Metabolic proﬁling was conducted using GC–MS and LC–MS. The obtained results
show that abiotic stresses in the semiarid region led to clear changes in primary metabolites, in particular
in amino acids, which exist at very high levels. By contrast, qualitative and genotype-dependent
differences in secondary metabolites were observed, whereas abiotic stresses appear to have negligible
effect on the content of these metabolites. The qualitative difference in the ﬂavonol proﬁles between
the two genotypes is most probably related to differential expression of speciﬁc genes, in particular
ﬂavonol 3-O-rhamnosyltransferase, ﬂavonol-3-O-glycoside pentosyltransferases and ﬂavonol-3-O-D-glucoside
L-rhamnosyltransferase by ‘Beituni’ grape leaves, which led to much higher levels of ﬂavonols with ruti-
noside, pentoside, and rhamnoside moieties with this genotype.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
Grape (Vitis vinifera L.) is one of the most cultivated plant spe-
cies worldwide, with more than eight million hectares of vineyards
(Vivier and Pretorius, 2000), and its products include wine, juice,
fresh berries, and leaves. It is believed that grape is one of the
oldest plants to be cultivated with the oldest records dating back
to 3500 B.C. (Bowers et al., 1999). The species Vitis vinifera (the
European or old world grape) is the most cultivated although other
species (e.g. Muscadinia) are also cultivated at considerable levels.
Grape culture inWest Bank is very old, and the ancient Egyptian
inscriptions dated the presence of vineyards in historical Palestine
to the pre-biblical epoch (around 1800 B.C.); Egyptians wrote ‘It
was an excellent country. . . it produced ﬁgs and grapes, its wine
was more plentiful than water’ (Goor, 1966). Nowadays, the annual
yield of grapes in West Bank is approximately 80,000 tons, which
constitutes a major contribution to the agricultural sector. It is
worth to mention here that a large number of grape varieties/geno-
types exists, some of which are believed to be very old. Moreover,the long history of grape cultivation and its remarkable biodiver-
sity are tightly coupled with the traditional Mediterranean dishes,
in which grape products, including leaves, are widely used among
local communities and indigenous people.
Despite the wide use of vine leaves in the Mediterranean region,
studies addressed its nutritional value are too limited. Amarowicz
et al. (2008) found that the content of total phenolics of grapevine
leaves is high (257 mg g1 acetone extract and 232 mg g1
methanolic extract), and that both extracts had strong antiradical
activities. Furthermore, Harb et al. (2013) reported that leaves of
‘Shami’ grape, which is cultivated widely in both semiarid and
temperate regions of West Bank, inhibited the proliferation of lung
cancer cells. In addition, various studies clearly indicated that vine
leaves can be used as an animal foodstuff without any toxic effect,
despite the high levels of lignin and condensed tannins that they
contain (Gurbuz, 2007).
The nutritional quality of grape is based on the natural com-
pounds found in its products, which include vitamins, minerals,
carbohydrates, edible ﬁbers and, in particular, polyphenols that
have powerful antioxidant properties (Yilmaz and Toledo, 2004).
Among these the phytoalexin resveratrol is believed to have
chemopreventative and therapeutic effects (Ndiaye et al., 2011).
Moreover, it was reported that juice of ‘Concord’ grape may
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2012). In addition there are profound effects of grape products as
anticancer agents. Hudson et al. (2007) demonstrated that peel
extract led to the apoptosis of prostate tumor cell lines.
Furthermore, it was found that proanthocyanidins and catechins
retarded breast cancer metastasis (Mantena et al., 2006).
The differences in the nutritional value of grape products are
closely related to both primary and secondary metabolism. These
two types of metabolism have different roles: primary metabolites
are directly involved in normal growth, development, and repro-
duction of plants, whereas secondary metabolites are mostly
involved in defense and other facultative processes. With grapes,
various studies show that changes in primary metabolites (e.g. ala-
nine, inositol, and glutamine) may also contribute to an elevated
resistance to stress (Figueiredo et al., 2008; Hamzehzarghani
et al., 2005). Moreover, a huge number of secondary metabolites
has been documented in grape products, in particular in wine
and juice. Among these are gallic acid, (+)-catechin, (+)-epicate-
chin, p-coumaric acid and the 3-cafeoylglucosides of peonidin,
cyanidin and delphinidin (Ali et al., 2010). Such large diversity in
the levels both primary and secondary metabolites is highly inﬂu-
enced by environmental factors including both biotic and abiotic
stresses.
In most Mediterranean countries signiﬁcant part of the vine-
yards rely solely on rainfall, and are also subjected to heat stress
which begins at the end of spring. Consequently, the impact of
these abiotic stresses can be considered as the most inﬂuential fac-
tor for the quality of grape berries and leaves. Such an impact is
well studied in various plant species. For example the inﬂuence
of abiotic stresses on photosynthesis and cell growth is well docu-
mented (Chaves et al., 2009), and it is evident that osmotic adjust-
ment is the principal response of stressed plants; such adjustment
entails reprogramming and consequently drastic metabolic
changes at the whole plant level to attain a new equilibrium in
order to cope with stress. In a study with ‘Regent’ grapes, it was
found that several transcripts (e.g. subtilisin-like protease, pheny-
lalanine ammoina-lyase (PAL), and S-adenosyl methionine synthase)
are upregulated following stress (Figueiredo et al., 2008), and these
transcripts are believed to be involved in the biosynthesis of sev-
eral compounds important for the defense response. In addition,
Shadle et al. (2003) showed that overexpression of PAL in tobacco
plants led to an elevated level of chlorogenic acid and consequently
reduced susceptibility to pathogenic infection. Hamzehzarghani
et al. (2005) found also that head blight resistant wheat cultivar
contained moremyo-inositol, glutamine, and phenolic compounds.
Taking into account that heat stress is usually combined with
drought stress, various studies clearly demonstrate that plant
responses are different to stress combinations in comparison to
each stress alone (Wang et al., 2010a). Mittler (2006) stated that
the metabolic and molecular responses that were observed under
the combination of heat and drought stresses are unique.
Accordingly, it is hard to discriminate between the inﬂuences of
each stress in isolation for tissues that are collected from plants
grown under natural conditions. However, general trends can be
followed and stress combinations may reveal new patterns of
resistance. Among these is the ﬁnding of Wang et al. (2010b) that
both drought and heat stresses induced ultrastructural damage to
the chloroplasts and that glycine betaine protects both chloroplasts
and thylakoid lamellae from such damage. Concerning the impact
of abiotic stresses a large number of studies clearly demonstrates
that metabolomics provides functional measures of cellular status
and thereby ultimately describes the organism phenotypes
(Martins et al., 2014). It is worth noting here that leaf blades are
the best plant tissue for such analysis, since they display the great-
est metabolic responses to abiotic stresses (Witt et al., 2012).The aim of the current study is to assess metabolic changes of
vine leaves of two grape varieties that were collected from semi-
arid and temperate regions of West Bank. Such knowledge is likely
to be of high value in assessing the nutritional value of these
leaves, which are widely consumed by indigenous people in sev-
eral Mediterranean countries.
2. Results
2.1. Differences in the levels of primary metabolites
Levels of primary metabolites were considerably different most
likely reﬂecting a dramatic metabolic reorganization to cope with
abiotic stresses that prevail in the semiarid region (S-AR; Dahria)
in comparison to temperate region (TR; Beit Omar). The most
noticeable and signiﬁcant changes are those observed in amino
acids (Fig. 1). Levels of branched chain amino acids (valine, and iso-
leucine) were much higher in both ‘Shami’ and ‘Beituni’ leaves that
were collected from S-AR. Furthermore, severe differences are
observed in the levels of asparagine, lysine, methionine and threo-
nine. Moreover, levels of the aromatic amino acids (tryptophan and
tyrosine), which derive from shikimate, were also higher in leaves
collected from the S-AR, whereas phenylalanine is considerably
higher only in ‘Shami’ leaves from S-AR. Furthermore, serine that
is derived from glycerate follows that same trend, but such trend
is not evident with glycine that is derived also from glycerate.
Proline follows the same trend described above for most amino
acids, whereas GABA was considerably higher in ‘Shami’ leaves
that were collected from the TR. Ornithine and arginine levels
show a different pattern of variation. For both varieties, levels in
leaves that were collected from S-AR were higher than TR, while
‘Shami’ leaves contained higher levels compared to ‘Beituni’ leaves.
For putrescine, comparison between varieties reveals that ‘Shami’
leaves from TR had the highest level.
Differences in sugar levels (Fig. 2) are less dramatic than those
in amino acids levels, with almost no differences between varieties
and/or locations with respect to glucose, sucrose, galactose (data
not shown), and mannose. As for genotypic differences, ‘Shami’
leaves collected from TR had signiﬁcantly higher levels of fruc-
tose-6-phosphate, glucose-6-phosphate, maltose, trehalose, and
isomaltose. In addition to that, it is clear that ‘Shami’ leaves that
were collected from S-AR had higher levels of melezitose, maltitol,
and maltotriose.
With organic acids (Fig. 2), changes are obvious with leaves col-
lected from the S-AR. In this respect, comparisons between leaves
of the same variety from the two locations reveal that levels of
citric, isocitric, and 2-aminoadipic acids are signiﬁcantly higher
in leaves from S-AR. Another obvious trend is that the level of malic
acid is higher in ‘Beituni’ leaves. As for ascorbic acid, its level was
the highest by both varieties that were collected from TR. Another
difference is related to the level of tartaric acid, which is consid-
ered as the main acid in grape berries at full ripeness, as ‘Shami’
leaves from the S-AR had very low level. In addition, it is worth
to notice that there are no signiﬁcant differences between varieties
and locations in the levels of metabolites that may be involved
directly in the biosynthesis of polyphenols, namely 4-hydroxycin-
namic acid, quercetin, and shikimic acid.
2.2. Differences in secondary metabolites and expression proﬁles of
related genes
Changes in ﬂavonols (Figs. 3 and 4) show that differences
between ‘Shami’ and ‘Beituni’ leaves are qualitative, and that abi-
otic stresses had negligible effect. Hochberg et al. (2013) stated
in this respect that primary metabolites are signiﬁcantly more
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Fig. 1. Changes in amino acids and closely related metabolites of grape leaves from ‘Shami‘ and ‘Beituni’ varieties collected from semiarid (S-AR; Dahria) and temperate
region (TR; Beit-Omar) regions in West Bank. Mean separation was conducted by least signiﬁcant difference (LSD) test, and means followed by different letters are
signiﬁcantly different at p 6 0.05; n = 5.
446 J. Harb et al. / Phytochemistry 117 (2015) 444–455responsive to the stress than secondary metabolites. Results show
that ‘Beituni’ leaves contain higher levels of quercetin-rutinoside,
quercetin-pentosides 1 and 2, quercetin-rhamnoside, myricetin-
rhamnoside, kaempferol-rutinoside, kaempferol-pentosides 1 and
2, kaempferol-rhamnoside, isorhamnetin-rutinoside, isorham-
netin-pentoside 2, isorhamnetin-rhamnoside, one putatively
identiﬁed metabolite (cyanidin-dihexoside (m/z 609 at retention
time (RT) 6.07 min., and several unknown metabolites (a ﬂavonol
(m/z 631) at RT 12.94 min, a ﬂavonol (m/z 815) at RT 14.60 min,
a ﬂavonol (m/z 861) at RT 14.70 min and two unclassiﬁed metabo-
lites (m/z 635 at RT 13.29 min, and m/z 507 at RT 23.94 min). On
the other hand, ‘Shami’ leaves contain higher levels of myricetin-
galactoside, myricetin-glucoside, myricetin-glucuronoside,
quercetin-glucuronoside, kaempferol-galactoside, kaempferol-
glucoside, kaempferol-glucuronoside, isorhamnetin-galactoside,isorhamnetin-glucoside, isorhamnetin-pentoside 1, and several
unknown metabolites (m/z 295 at RT 11.40 min, m/z 341 at RT
11.65 min, m/z 489 at RT 19.58 min, and m/z 493 at RT
23.46 min). In addition, an interesting trend is that ‘Shami’ leaves
had almost no quercetin-pentosides 1 and 2, quercetin-rham-
noside, kaempferol pentosides 1 and 2, kaempferol rhamnoside,
and isorhamnetin-rhamnoside.
The expression proﬁles of related genes are shown in Fig. 5.
While the majority of genes tested displayed no differences
between genotypes or environment, VvGT5 (UDP-glucuronic acid:
ﬂavonol-3-O-glucuronosyltransferase) and VvGT6 (the bifunctional
UDP-glucose/UDP-galactose:ﬂavonol-3-O-glucosyltransferase/
galactosyltransferase) varied in expression. VvGT5 is clearly down-
regulated at the semiarid region, whereas the expression of VvGT6
gene is higher in ‘Shami’ grapes. In addition, the expression proﬁles
00.03
0.06
Fructose-6-Phosphate
0
0.8
1.6
Sucrose 
0
0.8
1.6
Glucose
0
1.5
3
Fructose
0
0.06
0.12
Glucose-6-Phosphate
0
3
6
Myo-Inositol
0
0.8
1.6
Fucose
0
0.8
1.6
Mannose 
0
0.8
1.6
Sorbose
0
1.5
3
Maltose
0
1.5
3
Trehalose
0
1.5
3
Isomaltose
0
2.5
5
7.5
Maltotriose
0
0.8
1.6
2.4
Maltitol
0
1
2
Pyruvic acid
0
0.8
1.6
Malic acid
0
2.5
5
Tartaric acid
0
0.2
0.4
Citric acid
0
0.1
0.2
Isocitric acid
0
2.5
5
Ascorbic acid
0
2
4
Quinic acid
0
1
2
Lactic acid
0
1.5
3
Glyceric acid
0
0.8
1.6
Nicotinic acid
0
1
2
Fumaric acid
0
0.8
1.6
Shikimic acid
0
1.5
3
2-Aminoadipic acid
0
1
2
3
Glycerol-3-phosphate
0
0.8
1.6
Glycerol
0
0.8
1.6
Threonic acid
0
1
2
4-hydroxycinnamic acid  
0
0.8
1.6
2.4
Quercetin
0
1
2
Galactinol
0
0.8
1.6
4-hydroxybenzoic acid
0
1
2
2-Oxoglutaric acid
0
1.5
3
Melezitose
a
a a a
a
a a a
a ab
bc c
a
b
bc c
a
b b b
a
a a
b
a
a a
a a
b
a ab
a a
b
b
b
a
b b
b
a
b bc
c
a
ab ab b
a
b
b b
a
a
b b
a
ab bc
c
aab
bc
c
aa
a
a
aa
bb
a
ab b
b
a
a
b
b
a
a
b b
a
ab
bcc
a a a a
a
a a
a
aa a
b
a a
a
a
a a
a
a
a a a a
a
b
c c
a a a
a
a
b
b
b
a
ab b b
a
a
a
a a a
a a
a
ab
b ab a
a
a a
Shami @TR Beituni @S-AR Beituni @TRShami @S-AR
Fig. 2. Changes in sugars, acids, alcohols, and other related metabolites of grape leaves from ‘Shami‘ and ‘Beituni’ varieties collected from semiarid (S-AR; Dahria) and
temperate (TR; Beit-Omar) regions in West Bank. Mean separation was conducted by least signiﬁcant difference (LSD) test, and means followed by different letters are
signiﬁcantly different at p 6 0.05; n = 5.
J. Harb et al. / Phytochemistry 117 (2015) 444–455 447
0300000
600000
Myricetin-glucoside
0
40000
80000
Myricetin-galactoside
0
90000
180000 Myricetin-rhamnoside
0
250000
500000
Myricetin-glucuronoside
0
1500000
3000000
Quercetin-glucoside
0
2000000
4000000 Quercetin-rhamnoside
0
400000
800000
Quercetin-galactoside
0
6000000
12000000
Quercetin-glucuronoside
0
400000
800000
Quercetin-pentoside1
0
500000
1000000
Quercetin-pentoside2
0
2000000
4000000
Quercetin-rutinoside
0
500000
1000000
1500000
Kaempferol-glucoside
0
250000
500000
Kaempferol-galactoside
0
900000
1800000
Kaempferol-
glucuronoside
0
80000
160000
Kaempferol-pentoside1
0
50000
100000
Kaempferol-pentoside2
0
700000
1400000
Kaempferol-rhamnoside
0
600000
1200000
Kaempferol-rutinoside
0
6000
12000
Isorhamnetin-
galactoside
0
80000
160000
Isorhamnetin-rutinoside
0
100000
200000
Isorhamnetin-glucoside
0
120000
240000
Isorhamnetin-pentoside1
0
20000
40000
Isorhamnetin-pentoside2
0
10000
20000
Isorhamnetin-
rhamnoside
a
ab
bc c
a
ab
b b
a
a
b b
aa
b
b
a a a a a
a
a a
aab
b b
aa
bb
aa
bb
a
a
bb
aa
bb
a
a
b b
a a
b b a
a
b b
a
a
bb
a
a
bb
a
b
cc
aa
b
b
a a
b b
a a
b b
aa
bb
a a
b b
a abbc c
aa
bb
Shami @TR Beituni @S-AR Beituni @TRShami @S-AR
Fig. 3. Changes in ﬂavonols of grape leaves from ‘Shami‘ and ‘Beituni’ varieties collected from semiarid (S-AR; Dahria) and temperate (TR; Beit-Omar) regions in West Bank.
Mean separation was conducted by least signiﬁcant difference (LSD) test, and means followed by different letters are signiﬁcantly different at p 6 0.05; n = 5.
448 J. Harb et al. / Phytochemistry 117 (2015) 444–455of known ﬂavanol regulating transcription factors revealed that
VvLBD39, VvMYB5A are upregulated in response to stress prevailed
at the semiarid region, whereas VvMYBPA2 and VvMYB5B (data not
shown) are downregulated upon such stress. Moreover, VvMYBPA1
expression seems to be genotype-dependent with higher expres-
sion levels in ‘Shami’ grape leaves.3. Discussion
Leaves of table grapes are consumed widely in several Arab
countries, and considered as part of the Arabic traditional medicine
(Said et al., 2002). The nutritional quality of such products is based
on the fact that plants contain components (e.g. amino acids, and
polyphenols) that are essential for healthy human nutrition
(Hounsome et al., 2008). In addition to this qualitative aspect,
the levels of such essential components are of great value,particularly for poor people. Moreover, it is well known that the
interaction between plant growth and development and environ-
mental conditions has profound effect on the nutritional quality
of plant products (Proietti et al., 2009). Accordingly, assessment
of changes of both primary and secondary metabolites for fresh
foodstuffs is becoming more important. In the current study such
changes were assessed for grape leaves in connection with various
locations that entail differences in environmental conditions.3.1. Differences in primary metabolites
The above described reorganization of metabolites highlights
the signiﬁcance of certain solutes, in particular amino acids, in
maintaining the homeostasis of cells under abiotic stresses. As
the current study addresses leaves, it is worth to highlight here
the ﬁnding of Martinelli et al. (2007) that older leaves are
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J. Harb et al. / Phytochemistry 117 (2015) 444–455 449desiccation-sensitive compared to younger developing leaves;
leaves assessed for this study were mature medium-sized ones
and can consequently be considered as old leaves. On the other
hand, Obata and Fernie (2012) highlighted the signiﬁcance of
metabolic network reconﬁguration under stress conditions to
maintain metabolic homeostasis and production of the needed
compounds to ameliorate stress. Furthermore, it was mentioned
that such reorganization may not lead to greater accumulation of
solutes, and that the total amount of metabolites may remain
unchanged during osmotic stress (Quéro et al., 2014). In addition,
it appears that amino acids and carbohydrates are the key respon-
sive elements of plasticity and tolerance mechanisms in plants
(Ribeiro et al., 2014). In our results, it is obvious that a metabolic
shift occurred that led to higher levels of amino acids, which was
accompanied by lower levels of other metabolites (e.g. fructose-
6-phosphate). Such a shift may reﬂect a decelerated developmental
process in order to adjust to the slowly progressing stress.
The high level of amino acids upon stress is reported in numer-
ous studies, and it is believed that an elevated level of amino acids
is most probably the result of protein degradation (Good and
Zaplachinski, 1994). Moreover, proteases are known to be induced
during water deﬁcit (Less and Galili, 2008), and carbon starvation
(Araújo et al., 2011). We predict here that starvation might occur
in stressed plants in semiarid region due to limited water (low
rainfall rates), which might reduce the photosynthetic rate of
grapevines.
The accumulation of amino acids, in particular proline, during
water deﬁcit stress is also reported to play a key role in plant tol-
erance (Joshi et al., 2010). These amino acids can either be mobi-
lized for the formation of new proteins which are needed either
for improving plant response to water deﬁcit or alternatively serve
as osmotic adjusters (Campalans et al., 1999). Moreover, metabolic
network analysis revealed that dehydration-increased amino acids
contribute more signiﬁcantly to the dehydration–stress response
when they have a global correlation with each other (Urano
et al., 2009). On the basis of a huge amount of research, prolineis considered as an osmolyte in Arabidopsis (Nanjo et al., 1999),
although its effect during dehydration tolerance may be less than
that of sugars (Hoekstra et al., 2001). In addition, Erxleben et al.
(2012) reported that the moss Physcomitrella patens showed dis-
tinct metabolic proﬁles upon stress, which is reﬂected by the accu-
mulation of various osmoprotectants, such as maltitol, ascorbic
acid and proline. The presence of such response in Physcomitrella
may be indicative of the universal nature of osmoprotectants,
which appear to have evolved at an early phase of the colonization
of land plants. However, the role of proline and other amino acids
in osmotic adjustment is still debatable, as the contribution of
amino acids to water potential is actually small (<1%) (Hochberg
et al., 2013). Accordingly, a function for proline in the stabilization
of proteins, membranes and subcellular structures, as well as its
role in providing protection for antioxidants (Hong et al., 2000;
Saradhi et al., 1995) are more probable.
Referring back to metabolic changes, the elevated levels of
amino acids reported here might occur at the expense of other
C-containing metabolites, which show lower levels (e.g. fructose-
6-phosphate for both varieties, glucose-6-phosphate, maltose,
trehalose, and isomaltose for ‘Shami’, and fucose, ascorbic acid,
and glyceric acid for ‘Beituni’). The low level of these metabolites
is, however, most probably due to reduced activities of enzymes
involved in carbon ﬁxation (Xue et al., 2008). As for GABA and
putrescine, the high levels of these compounds in ‘Shami’ leaves
collected from TR are not expected. The reasons for that might be
related to limited Ca2+-supply in the semiarid region, which is
considered as a normal consequence of water deﬁcit stress
(Reddy et al., 2003). Such low Ca2+ levels are believed to impair
GABA synthesis through Ca2+/calmodulin activation of glutamate
decarboxylase (GAD) activity (Bouche and Fromm, 2004).
Changes in sugars, as well as reﬂecting alterations in the rate of
carbon assimilation, also reﬂect acclimation responses to abiotic or
biotic stresses. Such changes were reported in various studies, as
for the accumulation of sorbose by the cotyledons of Ricinus com-
munis that were subjected to 35 C (Ribeiro et al., 2014), and the
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Fig. 5. The relative expression level of VvPAL2, VvCHS, VvF3H, VvF3’H, VvF3’5’H, VvDRF, VvLDOX, VvAOMT, VvUFGT, VvGT5, and VvGT6 genes, and VvLBD39, VvMYB5a, VvMYBPA1,
VvMYBA1, and VvMYBPA2 transcription factors of grape leaves from ‘Shami‘ and ‘Beituni’ varieties collected from semiarid (S-AR; Dahria) and temperate (TR; Beit-Omar)
regions in West Bank. Mean separation was conducted by least signiﬁcant difference (LSD) test, and means followed by different letters are signiﬁcantly different at p 6 0.05;
n = 5. Abb. = PAL: phenylalanine ammonia lyase; CHS: chalcone synthase; F3H: ﬂavanone 3-hydroxylase; F3050H: ﬂavonoid 3050-hydroxylase; DFR: dihydroﬂavonol 4-
reductase; LDOX: leucoanthocyanidin dioxygenase; AOMT: anthocyanin O-methyltransferase; UFGT: UDP-glucose:ﬂavonol 3-O-D-glucosyltransferase; GT5: UDP-glucuronic
acid:ﬂavonol-3-O-glucuronosyltransferase; GT6: bifunctional UDP-glucose/UDP-galactose:ﬂavonol-3-O-glucosyltransferase/galactosyltransferase; LBD: lateral organ bound-
ary domain.
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necator (Fernandez et al., 2010). In our study, trehalose was high
at TR, which is known to have higher pathogenic load due to rela-
tively lower temperature and higher rainfall rates compared to the
S-AR.
Further changes are evident also with both melezitose and mal-
totriose, and these changes clearly indicate genotypic differences,
with very low level of melezitose in ‘Beituni’ leaves. Moreover,
the level of maltotriose in ‘Shami’ leaves is much higher in the
S-AR, which may indicate its involvement in the plant responses
to abiotic stresses. Melezitose is reported to exist in high level
upon stress (Martinelli et al., 2013) and correlates well with the
level of desiccation tolerance (Gechev et al., 2014).
Changes in levels of organic acids, in particular changes in citric
and pyroglutamic acids that accumulated at higher levels under
semiarid condition, deserve particular attention. In a study that
assessed various cotton strains it was clear that water-stressed
plants showed several fold increases in their organic acids con-
tents, with the most dramatic accumulation of citric acid (Timpa
et al., 1986). Furthermore, Shi and Sheng (2005) reported higher
levels of proline and citric acid by sunﬂower plants following salin-
ity stress. In addition, Merewitz et al. (2012) stated that ipt trans-
genic bentgrass (controlled by a stress- or senescence-activated
promoter (SAG12-ipt)) maintained higher levels of citric and pyrog-
lutamic acids, upon drought stress, which may reﬂect differential
ﬂux through the TCA pathway.Concerning other metabolites, changes in uracil warrant further
discussion since leaves of both varieties that were collected from S-
AR had much higher levels compared to TR. The reason for such
elevated levels is unknown, and it is not probable that uracil acts
here as an osmoprotectant. However, it was reported that uracil
(in addition to citramalate, and quinic acid) is a metabolite that
showed altered levels speciﬁcally upon heat stress (Kaplan et al.,
2004).
As a consequence of changes in primary metabolites, the higher
levels of amino acids in leaves collected from S-AR might be signif-
icant for the nutritional quality of such leaves. Of particular impor-
tance are the amino acids lysine, tryptophan, and methionine,
which are the most limiting amino acids in stable foods, mainly
cereals and legume crops (Ufaz and Galili, 2008).3.2. Differences in secondary metabolites and expression proﬁles of
related genes
Leaves of grapevines have been reported to be a rich source of
ﬂavonol diversity (Downey et al., 2003; Hmamouchi et al., 1996).
Downey et al. (2003) found that leaves of ‘Chardonnay’ grapes con-
tain up to 3.0 mg ﬂavonols g1 FW compared to less than
0.03 mg ﬂavonols g1 FW of the berries. In their study, these
researchers found that the predominant ﬂavonols are quercetin-
3-glycosides (Q-3-glucoside and Q-3-glucuronide) with only trace
amounts of kaempferol-3-glycosides. In another study,
J. Harb et al. / Phytochemistry 117 (2015) 444–455 451Haselgrove et al. (2000) reported that exposure of bunches to high
levels of natural sunlight resulted in the highest level of quercetin-
3-glucoside, and low proportion of malvidin anthocyanins; they
thus concluded that hot climates are not conductive to antho-
cyanin accumulation. Such high levels of ﬂavonols might be well
correlated with the presumed function of ﬂavonols as UV protec-
tants, which is also consistent with their accumulation in the upper
epidermis of plant tissues (Flint et al., 1985). In another study from
Morocco, which has similar environmental conditions to West
Bank, it was reported that grapevine leaves contain all three ﬂavo-
nols: myricetin, quercetin, and kaempferol, with quercetin deriva-
tives (quercetin-3-glucoside, quercetin-3-rhamnoside, quercetin-
3-glucuronoside, and quercetin-3-rhamnogalactoside) accounting
for more than 80% of the ﬂavonol content (Hmamouchi et al.,
1996).
The clear segregation of speciﬁc ﬂavonols (e.g. quercetin pen-
toside) between ‘Shami’ and ‘Beituni’ varieties is related most
probably to the induction of speciﬁc biosynthetic enzymes down-
stream the phenolic secondary metabolism pathway (Fig. 6). Our
results (Fig. 5) clearly show that changes in transcript levels of
genes (e.g. VvPAL and VvCHS) that encode enzymes upstream of
the ﬂavonoids biosynthesis are not genotype-dependent.
However, the higher expression of the bifunctional UDP-
glucose/UDP-galactose:ﬂavonol- 3-O-glucosyltransferase/galacto-
syltransferase (VvGT6) gene by ‘Shami’ grape leaves might be
responsible for the higher levels of galactoside and glucoside ﬂavo-
nols (Fig. 3). Accordingly, we anticipate that ‘Beituni’ leaves might
exhibit higher activities of F3RhaT (ﬂavonol 3-O-rhamnosyltrans-
ferase), F3PenT (Flavonol-3-O-glycoside pentosyltransferases; which
are either ﬂavonol-3-O-glycoside arabinosyltransferase or ﬂavonol-
3-O-glycoside xylosyltransferase), and F3G6 ‘‘RhaT: (ﬂavonol-3-O-D-
glucoside L-rhamnosyltransferase). In this respect, it is logical to pre-
dict that ‘Beituni’ leaves might have expressed GTs that preferen-
tially and speciﬁcally biosynthesize quercetin and kaempferol
with pentoside, rhamnoside, and rutinoside moieties. However,
the assessment of the expression proﬁles of genes encoding such
proposed enzymes was not possible, as these genes are not charac-
terized yet in grapes. In this respect, it is reported that glycosyla-
tion, which is driven by glycosyltransferases (GT) enzymes (Vogt
and Jones, 2000), is the prominent modiﬁcation reaction and is
considered as the last step in the biosynthesis of such natural con-
stitutes in plants. Taking into consideration that only limited num-
ber of GTs is present in one plant species or even one genotype, it is
logical to assume that certain secondary metabolites are species-
or genotype-speciﬁc. It has been suggested that since ﬂavonoids
exhibit species-speciﬁc patterns of distribution such distribution
can be used for chemotaxonomy for a better understanding of
the evolution of plants (Tohge et al., 2013). On the other hand,
the fact that GTs are encoded by multigene families necessitates
metabolic proﬁling of plant natural products to identify more pre-
cisely the speciﬁc pathways of the metabolism of these important
compounds. Detailed examples exist in the literature. Yonekura-
Sakakibara et al. (2008) assessed Arabidopsis UDP-dependent gly-
cosyltransferase (UGT78D3) and found that this enzyme is highly
speciﬁc for UDP-arabinose as sugar donor, but less speciﬁc toward
sugar acceptors.
The expression proﬁles of the assessed genes also deserve
attention. The higher expression levels of both VvLBD39 and
VVMyb5A in leaves collected from the semiarid region might be
related to prevailing stress, as reported by Rubin et al. (2009),
Krogan and Long (2009) and Liu et al. (2005). In this respect, it is
reported that a homolog of AtLBD in Arabidopsis is considered as
a negative regulator of anthocyanin biosynthesis (Rubin et al.,
2009). On the other hand, another member of Myb transcription
factors, namely VvMYBPA1, behaves differently, and appears to be
genotype-dependent; its expression levels are signiﬁcantly higherin ‘Shami’ leaves. This trend is in accordance with Castellarin
et al. (2007), who reported that levels of Myb transcription factors
MybA andMyb5a are higher in water-stressed vines, whereas levels
of MybB and MybD are not inﬂuenced by water availability.
Given the prominence of the reports of changes in ﬂavanol con-
tent following a range of stresses (see for example Kusano et al.
(2011) and Nakabayashi et al. (2014)) it is at ﬁrst sight surprising
that the content of these metabolites is largely unvariable. The
absence of signiﬁcant differences between the two locations in
our study is most probably related to the sampling time of leaves
(June), as the most stressful months for plants are usually July–
September, with temperatures of 35–40 C. Accordingly, plants in
early summer might suffer mostly from water stress rather than
high-temperature stress. In addition, it is to assume that grapevi-
nes in the semiarid region (with much lower rainfall rates;
Fig. 7) allocate most of their photosynthetases for the biosynthesis
of osmolytes that are highly needed to cope with the progressing
water stress. Cramer et al. (2007) emphasized that water-deﬁcit-
treated plants have a higher demand for osmotic adjustment, com-
pared to salinized plants.
The correlations between the expression proﬁles of structural
genes and transcription factors and the levels of polyphenols in
grape leaves, in contrast to berries, are rarely investigated.
Accordingly, further investigations that will include various grape
genotypes from various locations are planned.
As stated above, grapevines are cultivated inWest Bank without
any supplementary irrigation (rain fed agriculture), and presum-
ably the well-adapted grape varieties evolved over thousands of
years adaptation mechanisms to cope with stressful conditions
during the major growing season in summer. Taking into consider-
ation that 2013 was the most stressful year in 50 years, changes in
primary metabolites levels are clear adaption to severe abiotic
stress in the semiarid region. On the other hand, differences in ﬂa-
vonols remain of qualitative nature, and further investigation for
other classes of polyphenols might reveal quantitative differences
in response to abiotic stresses.4. Conclusion
This is the ﬁrst study that addresses metabolic proﬁling of
leaves for two major grape varieties that are cultivated widely in
West Bank. Based on the clear trends of this study, namely the
higher levels of most amino acids in leaves from S-AR, and the
qualitative segregation of ﬂavonols among the assessed genotypes,
it is to predict that the nutritional quality of grape leaves is highly
inﬂuenced by genotypic differences as well as ecological areals.
Taking into account that there is a large number (over 30) of grape
varieties in Palestine whose nutritional quality is far virtually
unexplored, the phytochemical composition of leaves and berries
deserve further studies. The acquired knowledge upon such proﬁl-
ing of both primary and secondary metabolites may set the base
for better understanding of the nutritional quality of such food-
stuff. It is worth to mention here that consumption of grape leaves
is particularly important for rural regions that encounter severe
poverty. Accordingly, promoting for more consumption of grape
leaves in such regions might be advisable, as this foodstuff pro-
vides highly valuable health-promoting components that are deﬁ-
cient in the daily diet of those people.5. Experimental
5.1. Plant material
Grapevine leaves from ‘Beituni’ and ‘Shami’ varieties were col-
lected from two different geographic regions of the West Bank-
Fig. 6. Major changes of ﬂavonols in grape leaves in relation to genotypic difference. Abb. = PAL: phenylalanine ammonia lyase; C4H: cinnamic acid 4-hydroxylase; 4CL: 4-
coumarate:CoA ligase; CHS: chalcone synthase; CHI: chalcone isomerase; F3H: ﬂavanone 3-hydroxylase; F3050H: ﬂavonoid 3050-hydroxylase; FLS: ﬂavonol synthase; F3GlcT:
ﬂavonol 3-O-glucosyltransferase; F3GlcAT: ﬂavonol 3-glucuronosyltransferase; F3PenT: ﬂavonol-3-O-glycoside pentosyltransferases (either ﬂavonol-3-O-glycoside
arabinosyltransferase or ﬂavonol-3-O-glycoside xylosyltransferase); F3GalT: ﬂavonol-3-O-galactosyltransferase; F3RhaT: ﬂavonol 3-O-rhamnosyltransferase; F3G600RhaT:
ﬂavonol-3-O-D-glucoside L-rhamnosyltransferase; My: myricetin; Qu: quercetin; Kaemp: Kaempferol; Isorhm: isorhamnetin; Glc: glucoside; Gal: galactoside; GluA:
glucuronoside; Rut: rutinoside; Pen: pentoside (either xylose or arabinosyl); Rham: rhamnoside.
452 J. Harb et al. / Phytochemistry 117 (2015) 444–455Palestine, namely Dahria (655 m above sea level), which is consid-
ered as a semiarid region (average summer temperature = 25 C;
average annual rainfall rate = 255 mm; and potential monthly
evapotransperation of 101.4 mm for the period June–September),
and Beit Omar (987 m above sea level), which is considered as a
temperate region (average summer temperature = 21 C; average
annual rainfall rate = 500 mm, and potential monthly
evapotransperation of 100.6 mm for the period June–September).
The selection of locations aimed to assess the inﬂuence of severe
abiotic stresses, in particular drought, at the semiarid region in
comparison to mild abiotic stresses at the temperate region. It is
worth to mention here that the period from January to May 2013
was the warmest year since 1951 with very dry rainy season(Fig. 7), in particular in the semiarid region (source of climatic data
are unpublished records of various governmental Palestinian insti-
tutions). The collection time of leaves was during the main ﬂush of
vegetative growth (June 2013). Leaves were kept cold after collec-
tion and snap-frozen in liquid nitrogen within three hours.
Samples were kept after that at -80 C until analysis time.5.2. Analysis of primary metabolites
The extraction and derivatization of primary metabolites, and
further analysis with gas chromatography–mass spectrometry
(GC–MS) were performed according to Osorio et al. (2012) with
slight modiﬁcations. In brief, 50 mg of powdered fresh material
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Fig. 7. Monthly precipitation rates (mmmonth1) and total amount of rainfall
(mm) during the rainy season 2012–2013 at the semiarid (S-AR; Dahria) and
temperate (TR; Beit-Omar) regions in West Bank.
J. Harb et al. / Phytochemistry 117 (2015) 444–455 453were homogenized with 1400 ll 100% methanol and 60 ll of the
internal standard solution (Ribitol; 0.2 mg ml1) for 15 min at
70 C. Following centrifugation at 20,800g for 10 min, chloroform
(375 ll) and water (750 ll) were added to each supernatant, mixed
well, and centrifuged again at 15,300g for 15 min. The clear super-
natants were dried overnight in a speed vac. Derivatization of the
dried material was conducted using methoxyaminhydrochloride
(dissolved in pyridine; 20 mg ml1). The mixture was shaken for
2 h at 37 C and subsequently 70 ll of MSTFA-FAMEs mix
(50:1 (v:v) of MSTFA (N-Methyl-N-(trimethylsilyl) triﬂuoroac-
etamide obtained from Macherey–Nagel (Düren, Germany)) and
FAMEs (fatty acid/fatty acid methyl esters mixture obtained from
Sigma–Aldrich) were added. Following a brief shaking for 30 min
at 37 C samples were subjected to GC–MS analysis. The GC–MS
system used was coupled to a time-of-ﬂight mass spectrometer
(Pegasus III, Leco) and ﬁtted with a 30 m DB-35 column. Carrier
gas was helium at a constant ﬂow rate of 2 ml s1. Injection tem-
perature was 230 C and the transfer line and ion source were
set on 250 C. Oven temperature was set initially on 85 C and
increased with 15 C min1 to 360 C. The mass spectra were
recorded at 20 scans s1 with m/z 70–600 scanning range. The
evaluation of chromatograms and mass spectra were conducted
using Chroma TOF 1.0 (Leco) and TagFinder 4.0 softwares. In
addition, the Golm Metabolome database was used for cross-
referencing of the mass spectra, and the relative contents of
metabolites were determined by normalizing the integrated areas
of the characteristic fragment ion traces to the integrated area of
ribitol (m/z 319).
5.3. Analysis of secondary metabolites
Analysis of secondary metabolites was conducted as described
by Tohge and Fernie (2010) using a high-performance liquid chro-
matography (HPLC) system (Surveyor; Thermo Finnigan, USA),
coupled to a Finnigan LTQ-XP system (Thermo Finnigan, USA). In
brief, 50 mg of the powdered fresh material were mixed and
homogenized (2 min at 25 l s1) with 5 (v/w) of the extraction
buffer (45:5:50; methanol:acetic acid:water (v:v:v)). Following
centrifugation at 10,600g for 10 min, and a second centrifugation
of the primary supernatants at 15,300g for 10 min, 10 ll from each
of the secondary supernatants were subjected to LC–MS analysis.
The separation column was Luna C18(2) (Phenomenex, USA) with
the following speciﬁcations: 2.0 mm  150 mm, 100 Å pore size
and spherical particles of 3 lm. The HPLC elution buffers were sol-
vent A (0.1% formic acid in water (v:v)) and solvent B (0.1% formic
acid in acetonitrile (v:v)), and the ﬂow rate was 0.2 ml min1 at
35 C. The elution proﬁle was 0.0 min 100% A, 2.0 min 100% A,4.0 min 90% A, 24 min 65% A, 29 min 100% B, and nitrogen was
used as the sheath gas. The negative-ion ESI–MS was performed
at capillary temperature, source voltage, and tube lens offset of
350 C, 5.0 kV, and 10.0 V, respectively. Full scan mass spectra
were acquired from 100 to 1000m/z at 1 scan s1, and data were
analyzed using Xcalibur 2.1 software (Thermo Fisher Scientiﬁc,
Waltham, USA).5.4. Expression proﬁles of genes
Fresh grape leaves were grinded to ﬁne powder in liquid nitro-
gen. 300 mg per sample were taken for RNA extraction according
to Chang et al. (1993) with slight modiﬁcations, namely the pellet
was dissolved in SSTE buffer before the ﬁnal separation using chlo-
roform:isoamyalcohol (24:1) solution. RNA quality and quantity
were assessed by gel-electrophoresis and NanoDrop spectropho-
tometer, respectively. cDNAs were synthesized using Maxima
First Strand cDNA Synthesis Kit from Thermo Scientiﬁc
(Darmstadt, Germany) and qPCR analysis was conducted using
Power SYBR Green PCR Master Mix Kit form Applied biosystems
(Warrington, UK). The used primers are those reported by
Soubeyrand et al. (2014), in addition to the following primer com-
binations (F: CCAGCCTCAGGTCTTAGCAC; R: CTTCCCTTCATGGGAC
AAAA) and (F: ACTCCTGCGCAGATTAGCAT; R: GTCGCCTTGAAGAA
CAGGTC for VvGT5 and VvGT6, respectively). Primers were
designed using Primer 3 (http://bioinfo.ut.ee/primer3-0.4.0/
primer3/input.htm). The obtained Ct values were normalized to
that of the reference gene (VvGAPDH).5.5. Statistical analysis
Analysis of variance (ANOVA) was performed using CoStat
statistical package (CoHort Software, Monterey, CA, USA), and the
least signiﬁcant difference (LSD) test was used for mean separation
at p 6 0.05 (n = 5). Standard error (s.e.) values were also calculated
and included.Acknowledgement
Special thanks to Arab Fund Fellowships Program for ﬁnancial
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